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Aim and Scope of the Thesis
    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Chapter 1             
 Ǥ         
         ơ  
ǤChapter 2 ơ
ǡƤ
 Ǥ Chapter 3
ȋȌǦǤǡ
Ǣ 
      ǤChapter 4 
ǦƤ     
ǤǦ
Ƥ









SCHIZOPHRENIA AS A PSYCHOTIC 
DISORDER
 
     
   
Ǥ    
      ǣ ȋȌ
 ǢǤǤ
 ȋȌ  Ǣ  
motivation, reduction in spontaneous speech, 
   ȋȌ  Ǣ
   ǤǤ ƥ 
ǡǡ͕Ǥ
  ơ ̱͕Ψ  








ǡ    
ƪ4–7Ǥ
ǡ      
Ƥ8Ǥ
ǡ
   Ǥ 
͖
     ƥ 
ǡ
   ͕ǡ͝ǡ͕͔Ǥ
 ǡ   
Ǥ
ǡ  ǡ Ǧ
   ǡ   Ǧ
    
ǦǤ
    
   
       
 Ǥ ǡ a study 
    
   ͕͕ was 

schizophrenia͕͖Ǥ  ǡ  
 ǡ    
      
͝Ǥ
  ǡ  
     ȋȌ 
  Ǧơ
     Ǥ
ǡ     
Ƥ    
     
     
densities on neurons͕͗Ȃ͕͙   ͜ǡ͕͚ 
      
Ǥǡ
     
ǡƪǡ
 Ȁ  Ƥ  
   ͕Ǥ   
 ǡ ǤǤ   ǡ
  Ƥ
Ǥ
 ǡ Ƥ  
      
      Ǥ
     
    
Ǥ
PATHOPHYSIOLOGICAL MODELS OF 
SCHIZOPHRENIA
The role of dopamine and glutamate 
dysfunction 
  Ǧ 
    
     
 ͕͛Ǥ Ǧ 

ǣ Ȍ   




  ƥ  Ǥ 
    
       
schizophrenia͖͔Ǥ  ͖    
CHAPTER 1
15
Ǧ   ǡ
       
 ǡ    





   ͖  
  ǡ  
Ƥ

Ƥ   Ǥ  
     
were shown in patients with schizophrenia 
     
͖͕Ǥ ǡ   

Ǥ  






   ǡ
     
ǡ 
Ǥ
    
 ͕͜Ǥ   ǡ 
    
     Ǧ
   
 
ǤǦ
     ǡ 
       
ǲǳ
ǤǡǦ




     ǡ 
 ǲ ǳ    




White Matter abnormalities and 
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INDUCED PLURIPOTENT STEM CELLS 
TO MODEL PSYCHIATRIC DISORDERS
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Progress in elucidating the molecular and cellular pathophysiology of neuropsychiatric disorders 
has been hindered by the limited availability of living human brain tissue. Therefore, the emergence 
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investigating the pathophysiology of disease initiation and progression using patient-derived 
functional neural networks. However, it has been challenging to develop methods that reliably 
generate iPSC-derived neurons with mature electrophysiological characteristics. Here, we report an 
optimized protocol that yields neurons with substantially improved electrophysiological properties, 
including high rates of spontaneous ƤǤ
a very consistent ratio of neurons and astrocytes that arise from a common neural progenitor without 
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ǡ ơ    
neuropsychiatric disorders.
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 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     
  Ǧ Ǥ   
  ơ   
      
     
  Ǥ 
Ǥ    
Ǧ
   Ǧ Ǧ
 ͕͚Ǥ ǡ
       
Ǧ
    ơ
Ǥ
 Ǧ  

   ͕͛ǡ͕͜Ǥ   
       
  Ƥ  
Ǥǡ
    
 Ǥ ǡ Ǧ
    Ǧ 
  Ƥ  
͕͝Ǥ
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ǡ     
 Ǧ͖͔  ơ  
      
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͜ǡ͝Ǥ
    ǡ  
   ơ  
    
ǦǦ
    Ǧ  
Ǥ
RESULTS
Generation of forebrain-patterned NPCs 
from iPSCs 
   ȋȌ   
ǡ
Ǥǡ
(Supplementary Figure 1) 

     
Ǧ Ǥ   
   ǡ   
     ȋȌ
(Figure 1A)Ǥȋ͕Ǧ͚Ȍǡ
Ƥȋ͕Ǧ͖Ȍ
   ȋȌ  ȋǦ
 Ȍ  Ƥ
  ͖ ȋ	
	͖Ȍ     ȋ͗Ǧ
͛Ȍ     ȋ
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ȋȌǤ͕͙Ǧ
Ǧ
    ȋ  
Ǧ͖ǡ Ǧ͖͛   Ȍ 
	
	͖      
 Ǥ 
    ơǤ
ƪǡ͕ǣ͘
    Ǥ  
Ƥǡ     
   Ƥ  ǡ
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     ͙Ǧ͕͔
  ơǤ    
    ǡ  
Ǧ  ȋ ǡ
͔͔͕͙Ȍ
Ǥǡ͝
   ơ Ǥ 
   ȀǦ
   ơ 
ȋ   Ǧ͖ǡ ͖͛ǦȌ
	ǡ
	ǡ
Ǧ   Ǥ  
    ơǡ 
  ͗   Ǥ 	  ͚
ǡ    
 Ǥ  
 ͜Ǧ͕͔
   ơ   
      (Figure 1C)Ǥ
    ͖ǡ Ǧǡ
     
͙͝(Figure 1C)Ǥ+ ȋȌ
 
	+ ȋȌ   ͙͝Ǥ͙Ψ 
͔͘Ǥ͙Ψ(Figure 1D)Ǥǡ+
͕͙Ǥ͙Ψ     ǡ  
     
 
	 ͕͔Ǥ͙ΨǤ   
   ͖   ȋ͚͔Ǥ͗ΨȌǡ 
  ȋȌ ȋ͕͗Ǥ͛ΨȌ 












     	



















neurons (Supplementary Figure 2)Ǥ
      
ǦƤơ
neurons (Figure 2)͖͕ǡ͖͖Ǥ   
͖ǡ
      
 (Figure 2A)ǡ Ǧ
 ͕     
     ȋǦȌ 
  (Figure 2B)ǡ 	͖   
Ȁ(Figure 2C), 
͕͖
ȋȂȌǡ ͖  Ƥ 

       ǡ
 	
͕    
(Figure 2D and E).
Electrophysiology results
Ǧ Ǧ 
 Ƥ   
  ǡ   Ƥ
  ǡ   
ǡ    
 Ǥ   




     
   ơ  
     ǦƤ
 ǡ  
      
     
     Ƥ Ƥ
 ƪ ȋ	ȌǤ ǡ 




     
activity͕͚Ǥ  ǡ  
      
  	ǡ     
    ȋ ̱͖͖͔
Ȁ̱͔͙͗Ȁ
	Ȍ͖͗Ǥ
ǡ    
      
	    ͖͙   ͙
      	
ȋ    Ƥ ȌǤ
	   ǡ 
Ƥ  ǡ ǡ
  Ǥ 
   
     
	ǡ




     
(Supplementary Figure 3). 
       
 ơ    
 ơ  ǡ  
     
  ǤƤ

ȋγ͔ Ȍǡ     ȋδ͙ 
Ȍȋδ͕͔ȌǤ
      Ƥ 

ȋ͕͕͕Ȁ͕͕͘ ǡ ͛͝Ǥ͘ΨȌǤ   ǡ ͔͜Ǥ͖Ψ
ȋ͜͝Ȁ͕͕͕Ȍ
Ƥ       (Figure 
3A and B)    
 ͕͗  (Figure 3C)Ǥ   ͕͝Ǥ͜Ψ
ȋ͖͖Ȁ͕͕͕ȌƤ
     ͖Ǧ͗  
rapid accommodationǤ 
   

      Ƥ 
  Ƥ
      Ǥ
    
Ƥǣ  ǡ  
     ǡ



































































































































































































































































































































































































































































































































































































































































































































































































































































properties we measured, the input resistance and 

      Ƥ
ơ  Ǥ    
͗͕͖͛͛Ǥ͛ά͙͖Ǥ͙͛
ȳ (Figure 3E), Ƥơ
  ͕  ͗ ȋǡ ί͔Ǥ͔͗ȌǤ 
    Ǧ͙͜Ǥ͕͛ά͕Ǥ͔ 
(Figure 3F)Ǥ
  ͗   ͘͝Ǥ͔͛ά͖Ǥ͝ 	 (Figure 3G)Ǥ
ǡ
     ͙͔Ǥ͙͜ά͔Ǥ͘͜ 








    ͕Ǥ͚͜ά͔Ǥ͕͔ (Figure 
3K) ͗Ǥ͚͗ά͔Ǥ͕͚(Figure 
3L)Ǥ  Ǧ ǡ 
Ƥơ
͕͖ȋǡί͔Ǥ͔͖ȌǤ
     
ƤǤǡ
͙͔Ψ
   Ǧ 
 (Figure 4A and B)Ǥ   
ǡ    
͗  Ǥ ǡ  
     Ǧ
 Ǧ    
͔͗ Ǥ   Ǧ  




ǡ Ƥ    
  Ǧ
(Supplementary Figure 4B)Ǥ
Figure 4Ǥ ǦƤǦǤ (A)͙͔
Ǥ(B)ǦǤ
͗ Ǥ(C)͕͗
ȋȌǡ     Ǥ (D)     Ǧ  





















































    Ƥ  
      
ǡ  Ǧ 

   Ǥ  ǡ  
(Figure 4C)Ǥ
 ͗
    
 ǡ     
      
   (Figure 4D, 
upper panel and 4E)Ǥ

(Figure 4D, lower panel)Ǥ  
  
   Ǥ 
Ǧ ȋȌ




     ͕Ǥ͔͝ά͔Ǥ͕͛ 
(Figure 5D)Ǥ
͕͚Ǥ͔͗ά͔Ǥ͖͜(Figure 5E)ǡ
  Ǧ ǡ   Ƥ
ơ͕͖ǡ͖
͗ ȋί͔Ǥ͔͕ί͔Ǥ͔͔͘ǡ ȌǤ
      
     







 ơ   ǡ
   
Ǥ ǡ  ơ
     Ǧ
    
   ǦǤ  
     ǦǦ 
Figure 5. ͗ơȋȌ͙͔Ǥ
(B) ȋȌ͖ ǦǤ (C) Ǥ
Ǥ(D-G)ǣ(D) ȋί͔Ǥ͔͝ǡ	ί͖Ǥ͙͙Ȍǡ(E) ȋί͔Ǥ͔͔͕ǡ	ί͛Ǥ͖͙Ȍǡ
(F)ȋί͔Ǥ͗ǡ	ί͕Ǥ͖͘Ȍ and (G) ȋί͔Ǥ͔͖ǡ	ί͘Ǥ͔͕ȌǤ
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cell derived neural networks with improved electrophysiological maturity
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͚͔ǣ͔͘   Ǧ  ǦǦ
       
   Ǥ    
      

 ơǡ    
    ǦǤ
     
 ǡ  
Ƥ
ǡ     
Ǥ	ǡ
     
     
Ǧ͔͛ǡ
ǡ




Ǧ     
    Ǧ
ǡ
Ǧ͖͙Ȃ͖͝Ǥ
   ǡ  , 
͔͗Ǥơ
 ǡ    
    Ƥ
ơ   Ǥ ǡ 
       
ǡ








    
Ǧ    
  Ǧ     Ǥ
    ơ  
      
   
      
  Ǥ ǡ   
      
ơ    Ǧ 
     
ơ Ǥ 
      ƥ 
    Ǥ 
ǡ
     Ǧ
Ǥ
 ǡ    
      
  
 Ǧ   
 ǡ   
     
ơ 	Ǥ
 Ƥ     

    Ǥǡ  
      
 ͕͚Ǥ  
       
ơǡ
ơǡ
      
       
.   
      
 ǡ 

Ƥ      
ǡƤ
ȋSupplementary Figure 
3Ȍ      ơ
͕͚ǡ͖͜ǡ͕͗ǡ͖͗ . ǡ  
  Ƥ  

Ǥ
  ǡ  
    
ǦǤ
	 ǡ    
ơ Ǧ   
  ơ  
͖ ͗ ͕͙ǡ͕͚ǡ͗͘Ǥ











 ǡ    
ơ
      

     
Ǧ   Ǥ   
     
  ơ    
       
   












͘ǡ ͖ǡ 	͘ǡ     
Ǧ    ȋ	Ȍ
Ǥǡ
      
     Ǥ
 
ǡ





Generation of Embryoid Bodies 
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cell derived neural networks with improved electrophysiological maturity
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Supplementary Figure 1. Characterization of iPSCsǤ
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Oligodendrocte precursor cells  (OPCs) are one of the most obscure cell types in the central nervous 
system (CNS). OPCs form a highly proliferative, tightly regulated and abundant population of glial 
cells. Besides their well-established role in generating oligodendrocytes, they also receive synaptic 
ǡ        ƪ Ǥ  
disorders, ranging from multiple sclerosis to schizophrenia, have been associated with white matter 
abnormalities. Studying the oligodendrocyte lineage might provide insight into the mechanisms 
underlying these disorders. In order to achieve this, we established a protocol that could reliably 
produce OPC enriched populations of neural cells derived from Induced Pluripotent Stem Cells (iPSCs). 
Ǧǡ
the potential to produce myelinating oligodendrocytes. In the future, our protocol can be used to 
derive patient derived-OPCs for unraveling the etiology surrounding brain disorders associated with 
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	Ǧ ȋ
	ȽȌ (Figure 1B), 
   
͖  ͕͔ 
 
(Figure 1C). 
 Ƥ   
͖ (Supplementary 
Figure 1A). ǡǦǦ
     
ǡ  in vivoǦ
Ǥ    
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(Supplementary Figure 1B)Ǥ
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     
   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  
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Myelinating potential of human 
oligodendrocytes in murine organotypic 
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Figure 2. Flowcytometry of OPCs.  Ƥ Ǧ ǤȋȌȋȌȋȌ	
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 induced pluripotent stem cells derived neural progenitors
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     Ǥ 
  ơ  
  Ǧ    
 ǡ   
  shiverer Ǥ Shiverer mice 
ǡ
      Ǥ
     
ǡơ
ơ͚͗ǡ͗͛Ǥ
      in 




      Ǥ  ͕͔
Ǧǡ
     Ǥ 
  Ƥ ǡ   
ȋȌ(Figure 3)Ǥ
Migration potential of iPSCs-derived OPCs 
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     
Ǥ      ƥ
     
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   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 
  42–44Ǥ  
 in vitroǡ ƥ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   
	Ǧ
   
	Ǧ  Ǥ Ǧ
   
	Ǧ
   
	Ǧ (Figure 
4A)Ǥ  ǡ    
Figure 4. OPCs migrate both in vitro and in vivo conditions. (A) Ǧ in vitro. 
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CHAPTER 3
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Supplementary Figure 2. Electrophysiological properties of iPSC-derived OPCs.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CSPG4 Mutations implicate Oligodendrocyte Precursor Cell 











































Family history is the strongest known risk factor for schizophrenia. Although the majority of 
schizophrenia cases appear to be sporadic, many families have been described with a Mendelian 
pattern of disease inheritance, suggestive of highly penetrant genetic determinants. Here, we report 
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and subcellular localization of mutant NG2, and aberrant cellular morphology. Moreover, and highly 
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ƤCSPG4 as a novel candidate gene for schizophrenia. Moreover, these data provide 





 ơ ̱͕Ψ   
Ǥ     
     Ǥ
  Ǧ   Ƥ
      
͔Ǥ͚͛ά͔Ǥ͔͕͜
     ͔Ǥ͛͛ ά ͔Ǥ͔͙͕ 
      
ƪȋ͔Ǥ͔͕͗ά͔Ǥ͔͖͙Ȍ͕Ǥ
      Ǧ
  ǡ Ǧ
ȋ
Ȍ
      
  Ƥ  ǡ   
Ǥ    

͚͗ǡ͜͝͝
 ͕͕͗ǡ͔͙͛ ǡ Ƥ ͕͖͜ Ǧ
 Ƥ Ǧ  
͕͔͜   ǡ  
    
͕͔Ǥ
    Ǧ
     
     
    Ǧ
    Ǥ  
 Ǧ     
 ǡ    
͖ǡ͙͚͗   ͖ǡ͙͗͘   
     Ǧ
Ƥ    2Ǥ
ǡ   Ƥ 

 ǡ     

Ǥ
    
ǡ
   ǯ  
ǯ    Ƥǡ 
ǦǤǡ
 ǡ    
     
͗Ȃ͜Ǥ
 ǡ   ǡ

ǡ      
ǡ 
 ǡ  ǦǦ
 ǡ   
   Ǥ ǡ 
  Ǧ  
  Ǧ  
͗, ͝Ǥ
    
   ȋȌǦ 
       
     ǡ
    
 ͖ǡ͕͔Ǥ͕͕ǡ͕͖Ǥ ǡ 
       Ǧ
ơ
ǡ     
 ƪ    
   Ǥ 

ǡ
   ǡ
ǡ  ͕͗Ȃ͕͚ǡ͕͛Ȃ͕͝ǡ͖͔, 
    Ǥ
      
   

͖͕ǡ͖͖Ǥ




    
͖ ȋȀ  ͖Ȍǡ
  Ǧ  
    
  ȋȌ͖͗ǡ͖͘Ǥ   
ơCSPG4A131T mutation 
ơǦǡ
   Ǧ 
     
͖
   Ǥ ǡ
ƤǦ
ǡơCSPG4A131T 
    
Ǥ
  CSPG4 Mutations implicate Oligodendrocyte Precursor Cell





 Ǧ   
Ǧ
Ǥ
    ȋ͙ ǡ ͘ Ȍ
  ͘  ơ  Ǧ




     
   Ǧ  
   ǡ   
     
ơ   ȋSupplementary Table 
2ȌǤ     
      ȋ
ǣ Ǧ͖ǡ Ǧ͙  Ǧ͝Ǣ Figure 1aȌǤ   
     
   ǣ Ȍ   
ơ
ǡ Ȍ   ơ  
ȋǡ ǡ ǡ  Ȍǡ Ȍ
       ơ 
ȏǦ͙  Ǧ͝Ȑǡ Ȍ    ơ
 ȏǦ͖Ȑǡ Ȍ   ͕͖͝ǡ  Ȍ
     ȋ	Ȍ β ͔Ǥ͔͔͗ 
    ȋ͚͙͔͔ 





     
 
Ǥơ
     ơ
Ǥ
     
Figure 1. CSPG4A131T       Ǥ ȋȌ 	 Ǥ ǣ Ƥǡ
Ǣ ǡ ơǢ 


















   ȋǣ ί͚Ȁ










 27Ǥ    Ǧ
Ƥ   CSPG4 was 






ȋǤ͕͕͗Ȍ      
͕͖͕͝  ǡ ͖͘͝  
ǡ  ͕͖ǡ͕͗͜    Ǧ
  ȋ ȌǤ  
 Ƥ    
       Ǥ
ǡ Ƥ 
  ǡ    
Ƥ    Ǥ 
      
  ǡ   
    
Ǥ  ǡ  
      
    
̱͕ΨȌ    ̱͕͔ΨǤ
ƤCSPG4 
variants that segregate with schizophrenia
   Ƥ  
 ͕͙͖͖Ǧ͖͘CSPG4  ͕͙͛
    ơ
   Ȁ ͖͜ǡ͖͝Ǥ
      
  CSPG4      
͛͗
   ȋ͕͙͕͕͗
͕͙͚͙͙ǡSupplementary Table 3ȌǤ Ƥ
     	 β ͔Ǥ͔͔͗






2, Supplementary Figure 1ȌǤ  Ǥ͖͔͖͛γ

Ǥ͔͕͝
     







 Study2 ȋ	cases ͔Ǥ͔͔͖͖Ǣ 	 
͙Ǥ͖͜  ͕͔Ǧ͘, P ί ͔Ǥ͔͗͗ǡ  ͗Ǥ͛͛ȌǤ  ǡ 
͚͕͘  ͕͔͜͝   
   Ƥ  ȋ͚͕͘ǣ
	cases ͗Ǥ͜͝  ͕͔
Ǧ͘ǡ 	 ͕Ǥ͘͝  ͕͔
Ǧ͘, P ί ͕ǡ
 ͖Ǥ͔͙  ͕͔͜͝ǣ	cases ͔Ǥ͔͔͖͗ǡ	 
͔Ǥ͔͔͕͗ǡP ί ͕ǡ  ͔Ǥ͛͝Ȍǡ   ͕͕͛͝ 
    Ǥ ǡ 





ǢȀǡǤ (b) Ǥ 
  CSPG4 Mutations implicate Oligodendrocyte Precursor Cell




Structural modeling of CSPG4 mutations
 CSPG4A131T     
Ƥ  
     ȋFigure 
1cȌǤ  
 ȋ
Ȍ   
       
  ͔͗Ǥ ǡ
 Ǧ   
NRXN1 and LAMA2
͕͗Ȃ͗͘Ǥ
      

 
    Ƥ 
 
 
͖Ǥ   ͖͙͗and 
Ǧ͚͗     
ǡ ͕͕͗  ͚͝ interact across 
`Ǧ    
 `ǦǤ͕͕͗, which 
     ǡ  ͕͕͗, 
    Ǧǡ 
     
`ǦȋFigure 1cȌǤ




 Ǧ͚͗ ȋSupplementary Figure 1cȌǤ 
       

 ǡ    
  
    
ǡ     ͕Ǥ 
   ͕͕͗    





       

ȋǦ
 ͗͛ȌȋSupplementary Figure 1c), 
  ơ Ǧ
Ǥǡ
         ǡ
͗͜ǡ͗͝Ǥ
Family-based iPSC modelling of the 
CSPG4A131T mutation
No evidence for a cell-type autonomous neuronal 
phenotype
   Ǧ  
      
ǡ




  ơCSPG4A131T carriers and three 
ơ Ǧ    
    ȋSupplementary Figure 





   ơ  
͜Ǧ͕͔ǤǦ
    
 ǡ Ƥ  
ƪǦǦ
  ȋFigure 3ȌǤ 
Ƥ ơ   
      
ơ 
ǡ   ǡ 
  ȋFigure 3, d-rȌǤ ǡ
      
     Ǧ 

͖ǡCSPG4, 
      
Ǥ
Abnormal posttranslational processing and 
subcellular localization of CSPG4A131T in OPCs

      
͖
 ǡ     
͖ ǡ 
     ƪ 
the CSPG4A131T   Ǧ Ǥ
ơ





















































































































































































































































































































































































































































































































































































































































































































































































































  CSPG4 Mutations implicate Oligodendrocyte Precursor Cell




   
͖ǡ   
     CSPG4A131T 
    
ȋFigure 1cȌǤ   
͖   
ǡ      
Ǥ     
 ǡ CSPG4A131T Ǧ
     

͖Ƥ
Ǧ    
ȋFigure 4a and bȌǤ
      
  ǡ  
   





    ͔͘ǡ͕͘Ǥ
ǡ 
͖    




   ǦƤ

͖ȋFigure 4cȌǤ
    Ƥ   
γ͔͔͗
ǦƤ 
͖   ͔͔͗   
ǦƤ
͖ȋFigure 4cȌǤ
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ȋPί͔Ǥ͔͘ȌȋFigure 4d and eȌǤǡ
  
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  
   ȋFigure 4d, Supplementary 
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͖  CSPG4A131T  
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demonstrate that the CSPG4A131T
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Abnormal morphology of OPCs derived from 
CSPG4A131T mutation carriers
  ơ 
(Figure 
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patients   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    
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͖͘͝    ȋFigure 6aȌǤ
       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Figure  4.  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CSPG4A131T patient-derived OPCs. (a, b) 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 ǡ   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CSPG4V901G and CSPG4R1179W variants are predicted 
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Figure 5.   Abnormal morphology of OPCs derived from CSPG4A131T mutation carriers. (a)   































   ͕͕͗  ǡ 
to the patient mutation CSPG4A131Tǡ 
    Ǥ ǡ 
     SNCAA53T mutation, 
      
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 ǡ      
 ͙͗   Ǥ ǡ 
     
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  ǡ   
Ǥ
      
mutations in CSPG4,   
      
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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 Ǥ

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disruptions in the secretory pathway, as their 
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        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   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 ǡ  Ƥ  
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 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     
  Ǥ  ǡ
 Ƥ  Ƥ   Ǧ
      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Ǧ     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  
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Cellular studies
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 Ƥ 
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Magnetic Resonance Imaging (MRI) 
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  CSPG4 Mutations implicate Oligodendrocyte Precursor Cell
    Dysfuntion as a Pathophysiological Mechanism of Schizophrenia
Supplementary Figure 1. Familial segregation rare coding variants in CSPG4 with schizophrenia. (a) 
CSPG4R641W, CSPG4R1179W, and CSPG4R1980HǤǣƤǡ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Supplementary Table 1. Discovery Family – Patient characteristics
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